Martensitic transformation temperatures and the two-way shape memory effect (TWME) in ductile Cu-Al-Mn alloys deformed at room temperature were investigated using differential scanning calorimetry (DSC) and the bending test. The M s and A f temperatures were found to increase slightly with increasing degree of pre-deformation, while the M f and A s temperatures decreased. The TWME is strongly influenced by the M s temperature and the grain size of the specimens, i.e., the highest degree of TWME is always obtained in the specimens with M s ≈ −100 • C and the TWME increases with increasing ratio of grain size to specimen width, where the maximum value of TWME = 3.2% was obtained in the present study. In situ observation of the surface relief at several temperatures on the deformed specimens was also performed and it was found that some restricted martensite variants grow and shrink with temperature change without the typical self-accommodation microstructure in the specimens with large TWME.
Introduction
Cu-base shape memory (SM) alloys are commercially attractive because of their low cost and high electrical and thermal conductivities compared with Ti-Ni-base alloys, which have been extensively investigated in SM applications. These highly ordered Cu-base alloys with a polycrystalline structure, however, are not amenable to cold-working due to the high degree of elastic anisotropy of the parent phase and their coarse grain structure. Recently, the present authors have reported that the Cu-Al-Mn alloys with a low Al content below 18 at% exhibit a good ductility due to the low degree of order in the Heusler (L2 1 ) phase which is transformed to the 18R martensite phase without associated loss of the SM properties. [1] [2] [3] The two-way shape memory effect (TWME) associated with the forward and reverse transformations of martensite is a phenomenon in which the reversible and spontaneous shape change during heating and cooling occurs without any external stress. It has been believed that dislocation arrays, [4] [5] [6] retained martensite 4, 7) and residual stress fields 8, 9) are necessary to obtain the TWME. Although this effect can be obtained by various processes such as superelastic (SE) or shape memory effect (SME) training, thermomechanical training, aging under external stress, etc., one of the simplest processes may be a single high deformation method applied in the austenite or martensite state. Although conventional Cubase SM alloys are characterized by low cold fabricability, the ductile Cu-Al-Mn alloy possesses an excellent ductility with more than 60% cold-workability even in the β single-phase, and it can be expected to show the good TWME property by the heavy deformation method.
In this paper, the TWME induced by single high deformation in the ductile Cu-Al-Mn alloy is presented in relation to the degree of deformation, the martensitic transformation starting (M s ) temperature and the grain size of the specimens. The effects of deformation on the martensitic transformation * Graduate Student, Tohoku University.
temperatures are also examined.
Experimental Procedures
The Cu-Al-Mn ternary alloys listed in Table 1 were prepared by induction melting under an argon atmosphere. Sheet specimens were obtained by hot-rolling the cast alloy at 800
• C, followed by further cold-rolling. The specimens were annealed at 900
• C for 25 seconds or 5 minutes, followed by quenching in water, and then aged at 200
• C for 15 minutes to stabilize the M s temperature. The grain size was controlled by annealing time. The Cu 69.5 Zn 24.5 Al 6 sheet specimens of t = 0.5 mm thickness obtained by hot-rolling were heat-treated at 900
• C for 5 minutes, followed by quenching in water, and then aged at 120
• C for 5 minutes. The mean grain diameters of the β phase were determined by Jeffries procedure.
10) The mean grain diameter (d), the relative grain size (d/t) and (d/w) normalized by thickness (t) and width (w) of the sheet specimen are listed in Table 1 .
The martensitic transformation temperatures (M s , M f , A s and A f ) of all the non-deformed specimens (listed in Table 1 ) and the deformed specimens were measured by differential scanning calorimetry (DSC) at heating and cooling rates of 10
• C/min. The dimension of the specimens for DSC measurement was 3 × 3 × 0.5 mm 3 for specimens A-H and Zn, and 1×3×0.5 mm 3 for specimens I-K. The martensitic transformation temperatures of the deformed specimens were determined during the first cooling after heating up to 200
• C and the second heating. They were defined as the temperatures at which differential DSC curve deviated from its base line due to the martensitic transformation as shown in Fig. 1 .
The dimension of the specimens for TWME examination was 3 × 50 × 0.5 mm 3 for specimens A-H and Zn, and 1 × 50 × 0.5 mm 3 for specimens I-K. The TWME tests were performed by bending a sheet specimen into a round shape at room temperature followed by heating up to 200
• C. The degree of the TWME was determined by measurement of the curvatures at −196
• C and 200
• C. The TWME has been eval- • C, respectively. The surface strain is defined as ε = t/2r, where t is the thickness of the specimen and r is the radius of curvature resulting from bending of the specimen.
In situ observation of a surface relief in the side surface of specimen F (3×50×0.5 mm 3 ) deformed up to 4.8% or 12.5% were performed during a cycle from 200
• C to −100 • C using an optical microscope (OM) with a heating and cooling stage. The specimens for the observation were electrolytic polished in a solution of chromium oxide, acetic acid and water at a ratio of 25 g: 133 cc: 7 cc and etched in a solution of ferric chloride, hydrochloric acid and water at a ratio of 10 g: 25 cc: 100 cc, followed by bending and unloading at room temperature.
Results and Discussion

Transformation temperatures
The transformation temperatures of specimens B and I are plotted against applied surface strain (ASS) in Fig. 2 , where the M s and A f temperatures increase with increasing degree of pre-deformation, while the A s and M f temperatures decrease. The thermodynamic equilibrium temperatures T 0 and
are also shown. It should be noted that while the transformation temperature hysteresis (TTH), A f − M s , is almost constant, the other TTH, A s − M f , clearly widens with increasing pre-deformation. On the other hand, the difference between T 0 and T 0 increases with increasing pre-deformation. From the thermodynamic point of view on thermoelastic martensite transformations, the TTHs and the transformation temperature intervals (TTIs : M s − M f and A f − A s ) are strongly related to the friction energy against the habit plane migration and to the elastic energy stored by growth of the martensite phase, respectively.
11) The present results suggest that the pre-deformation lowers the mobility of the habit plane at near M f and A s temperatures and enlarges the elastic energy.
It was reported that relative grain size d/t normalized by the sheet thickness t is one of the most important factors on the SM properties. 12) Very recently, the present authors have found that another relative grain size d/w normalized by the sheet width w should also be taken into account, and that the larger the d/t and d/w, the smaller the constrained stresses. 13) In the present study, d/w was used as a variable to express the relative grain size. The martensitic transformation temperatures are affected by the change of the d/w as shown in Fig. 2 , where the TTHs and TTIs are larger in the specimen of d/w = 0.04 than those in the specimen of d/w = 0.46. This result can also be explained as follows: The constrained stress from the surrounding neighboring grains causes the increase of friction and elastic energies. Figure 3 shows the result of the TWME induced by bending deformation as a function of ASS in the Cu 83−X Al 17 (X = 10, 11, 12, 13) and Cu-Zn-Al alloys for comparison. In all the cases, the TWME increases with increasing the ASS in the early stage and then decreases after reaching at a maximum point. This fact suggests that an appropriate density of slip defects is effective for improvement of TWME and excessive density of them reduces the TWME. An excellent value of TWME = 2.8% was obtained in the specimen of Cu 71 Al 17 Mn 12 deformed up to 12.5%, where the ratio of TWME to ASS was about 22%. The details on the effect of M s temperature and ASS on TWME are discussed in our previous papers. 14, 15) The effect of the relative grain size d/w on TWME of the Cu 72 Al 17 Mn 11 alloy is shown in Fig. 4 . The specimens with larger d/w exhibit the maximum point at the higher ASS. Since the SME and SE of the Cu-Al-Mn alloys decrease with decreasing the d/w and the specimens with smaller d/w start to show an irrecoverable strain in the lower ASS level, 13, 16, 17) it may be reasonable that the degree of the ASS to obtain the density of the slip defects appropriate for TWME decreases with decreasing the d/w. Therefore, the TWME decrease in the lower ASS level, which leads to the small TWME in such specimens with small d/w. Figure 5 shows the variation of the maximum values of the TWME with the M s temperature in all the Cu-Al-Mn specimens, where the maximum TWME increases with decreasing M s temperature up to M s = −100
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• C and then decreases in all the series of the d/w. This result means that an excellent TWME can be obtained in specimens with M s temperature of about 120
• C lower than the deformation temperature. The relationship between the critical stress for transformation σ t and the deformation temperature is described by the Clausius-Clapeyron type relationship.
18) The present authors recently determined their relationship in the Cu-Al-Mn alloys with d/w = 0.06 and d/t = 1 as shown in Fig. 6 . 13, 17) The stresses for σ t and the critical slip stress 19) σ s are illustrated in Fig. 7 , where the σ s is defined in this paper as the stress over which the residual strain of 0.2% is introduced in 
M s ≈ −100
• C which show the maximum TWME in Fig. 5 correspond to Mode II. This fact suggests that the slip defects introduced under conditions of coexistence with the parent and martensite phases play an important role in the excellent TWME.
As shown in Fig. 5 , a high degree of TWME was obtained in the specimens with a large d/w. The value of TWME (3.2%) obtained in the specimen J with M s (−67
• C) and d/w (0.46) shows the highest magnitude of the TWME in Cu-base SM alloys.
In situ observation of surface relief
The microstructural changes of a side surface in the specimen F (M s = −9
• C) pre-deformed to an ASS of 4.8% and 12.5% (whose TWMEs were about 1.1% and 2.3%, respectively) during heating and cooling are shown in Figs. 8 and 9 , respectively. Although the M s temperature of the specimen F in Figs. 8 and 9 determined by DSC is −7
• C and −4 • C, respectively, a lot of martensite plates are observed in all the microphotographs taken at 25
• C cooled down from 200 • C. This fact suggests that the DSC measurement is detectable to only the transformation of the main part of the specimen.
In the heating process (a) to (c), no remarkable differences were observed between Figs. 8 and 9 except for the amount of the retained martensite plates. Many stress-induced martensite plates remain near both the upper and lower surfaces at 25
• C after unloading. As shown by the arrows in (a) to (c), while the martensite plates continuously shrink and disappear with increasing temperature, some martensite plates still exist even at 200
• C. On the other hand, the cooling process (d) to (f) shows an interesting feature in microstructural changes between Figs. 8 and 9. The martensite plates observed at 200
• C grow to the center of the specimen with decreasing temperature, and only the specific plates appear during cooling as shown in both Figs. 8(d) and 9(d). Upon further cooling (e) to (f), the typical microstructure showing self-accommodation appears only in Fig. 8 . In Fig. 9(e) , there is a tendency that the thickness of the growing martensite plates hardly increases and many new martensite plates are formed between the retained martensite plates. Consequently, the microstructure at −100 • C shows a high density of the martensite plates, with the thickness of only some of the plates increasing.
TWME and TTH
According to the in situ observation of the surface relief of the 12.5% pre-deformed specimen with an excellent TWME, the martensite phase with a specific variant is formed and no self-accommodation is clearly observed. It is clear that these Fig. 9 The OM observation of the side surface of specimen F, where the ASS was 12.5%. characteristic features play a key role in the improvement of the TWME. Such restriction of variants may be explained by the introduction of dislocation arrays. It was reported that the dislocations in bands parallel to the parent/martensite habit plane are observed at −100
• C and this type of dislocations become dominant at higher temperatures in superelastically cycled Cu-Zn-Al alloys. 20) The accumulation of such kind of dislocations is explained as the result due to the inter- nal stresses between the parent and martensite phases arising from the shape strain by transformation. 20, 21) If the dislocations should exist in the vicinity of the parent/martensite phase boundaries as schematically illustrated in Fig. 10 , it seems that the growth of each martensite plate in the direction of width is difficult in contrast with that in directions of length of the martensite plate. Therefore, a new variant parallel to the previous plates may tend to appear instead of growth of the martensite plate. It is easily expected from Fig. 10 that the mobility of the habit plane is lost and that the TTH (A s − M f ) increases with increasing dislocation density. The value of the other TTH, i.e., A f − M s , may be mainly concerned with the transformation in the central region of the bent specimen in which strain is relatively small, resulting in the lack of dependence on the ASS as shown in Fig. 2. 
Conclusions
(1) The M s and A f temperatures increase with increasing degree of pre-deformation, while the M f and A s temperatures decrease.
(2) The TWME is a function of the degree of predeformation and reaches its highest value at the specific degree which is dependent on the relative average grain size d/w of the specimens. (3) A high level of TWME was obtained in the specimens with an M s temperature of about −100
• C. The larger the d/w was, the higher the TWME obtained, and 3.2% of TWME was obtained in the specimen with M s = −67
• C and d/w = 0.46. (4) In situ observations of the surface relief clarified that some martensite plates with specific variants stress-induced by the 12.5% pre-deformation are stabilized and present even at 200
• C, and these martensite plates and some new martensite plates parallel to the previous plates grow from the surface to the center region with decreasing temperature without selfaccommodation. The excellent TWME in the present study is explained by this characteristic change in the microstructure.
